[1] Quantifying moisture fluxes through deep desert soils remains difficult because of the small magnitude of the fluxes and the lack of a comprehensive model to describe flow and transport through such dry material. A particular challenge for such a model is reproducing both observed matric potential and chloride profiles. We propose a conceptual model for flow in desert vadose zones that includes isothermal and nonisothermal vapor transport and the role of desert vegetation in supporting a net upward moisture flux below the root zone. Numerical simulations incorporating this conceptual model match typical matric potential and chloride profiles. The modeling approach thereby reconciles the paradox between the recognized importance of plants, upward driving forces, and vapor flow processes in desert vadose zones and the inadequacy of the downward-only liquid flow assumption of the conventional chloride mass balance approach. Our work shows that water transport in thick desert vadose zones at steady state is usually dominated by upward vapor flow and that long response times, of the order of 10 4 -10 5 years, are required to equilibrate to existing arid surface conditions. Simulation results indicate that most thick desert vadose zones have been locked in slow drying transients that began in response to a climate shift and establishment of desert vegetation many thousands of years ago. 
Introduction
[2] Rising pressures of population in arid and semiarid regions necessitate better quantification of interdrainage fluxes through desert floors and better prediction of how these fluxes may vary over timescales of human interest. Is there significant downward moisture movement through interdrainage desert floor environments that will recharge the aquifers below [Gee and Kirkham, 1984; Stone, 1984; Stone and McGurk, 1985; Stephens and Knowlton, 1986; Stephens, 1994] ? Or do thick vadose zones serve as effective barriers to moisture flow and contaminant migration from the surface or from a repository to the water table [Winograd, 1981; Reith and Thompson, 1992] ? The initial step in addressing these questions involves understanding the processes that control moisture flux regimes in desert vadose zones and the timescales on which these processes operate. Current soil water fluxes within arid unconsolidated vadose zones in interdrainage areas (regions away from channels and arroyos) are generally thought to be very low [Scanlon et al., 1999] , perhaps negligible below the soil root zone.
[3] In this study, we examine the existing conceptual models invoked to explain matric potential and chloride profiles measured in deep desert vadose zones and offer an alternative that better matches observed data. Our model incorporates vapor transport and uses observations of temporally invariant matric potentials at 3 -5 m depths (over $5 year monitoring periods) [Andraski, 1997; Scanlon et al., 1999] as a basis for specifying a fixed subroot zone matric potential condition. By employing this condition, our model avoids adopting the common assumption of downward-only advection to describe the flow regime.
Steady State Models: Hydrostatic Equilibrium and Unit Gradient
[4] Soil water moves in response to a hydraulic potential gradient comprised predominantly of the following components: the gravitational potential (z), the matric (or pressure) potential (ψ), and the osmotic potential (ψ s ) [Hillel, 1980] . The elevation above a reference level, generally designated as the water table, defines the gravitational potential. The matric potential describes the interaction between the liquid and the solid matrix. Capillary and adsorptive forces attract and bind water to the matrix, thereby reducing the potential energy below that of bulk water [Hillel, 1980] . By convention, matric potentials in unsaturated soil (i.e., below the reference atmospheric pressure) are negative and become increasingly negative as the soil dries [Stephens, 1996] . The osmotic potential describes the reduction of soil water vapor pressure due to the presence of solutes. Osmotic potentials are generally much smaller than matric potentials in arid vadose zones [Walvoord, 2002] .
[5] Two common conceptual models that address vadose zone potentials are the conventional hydrostatic equilibrium model and the unit gradient model. According to the hydrostatic equilibrium model (also termed static fluid distribution and gravity capillarity equilibrium) presented in text books [i.e., Bear, 1972; Koorevaar et al., 1983; Jury et al., 1991; Looney and Falta, 2000a, 2000b] and papers on desert vadose zone hydrology [i.e., National Research Council (NRC), 1995; Scanlon et al., 1999; Scanlon, 2000] , no-flow conditions result when the matric potential (ψ) equally balances the gravitational potential (z) (Figure 1a ). Assuming steady state conditions, matric potentials that plot below the hydrostatic equilibrium line in Figure 1a indicate upward flow, and matric potentials that plot above indicate downward flow. If the hydrostatic equilibrium model is adequate, we would expect observed ψ profiles to plot close to the hydrostatic equilibrium line if water fluxes through desert soils in interdrainage regions are very small.
[6] The unit gradient model postulates that matric potentials below the active root zone contribute little to the total hydraulic gradient, exhibiting a zone of ψ as illustrated on the hypothetical profile in Figure 1b . Accordingly, the hydraulic gradient below the root zone, or shallow ψ fluctuation zone, equals unity in the vertical downward direction and the downward soil water flux equals the unsaturated hydraulic conductivity [Gardner, 1967; Nimmo et al., 1994] . Given a uniform soil profile, the steady state unit gradient model predicts that the downward flux below the root zone equals the flux across the water table interface, or recharge rate [Stephens, 1996] .
[7] Measured matric potentials from thick vadose zones in the arid southwestern United States deviate from the linear profile predicted by the hydrostatic equilibrium model and from a uniform profile required for the unit gradient model. Observed desert vadose zone ψ profiles from interdrainage areas are typically curved, with extremely negative ψ near the surface and an exponential increase with depth ( Figure 2 ). Comparison of observed ψ profiles to their corresponding hydrostatic equilibrium line in Figure 2 demonstrates a pattern of divergent flux. The slopes of the total potentials indicate an upward hydraulic gradient in the upper profile and a downward hydraulic gradient below. Capillary forces draw soil water upward and dominate flow processes to depths of about 10 -30 m in the profiles depicted in Figure 2 . Below, the hydraulic gradient reverses, and soil water drains by gravity. Similarly, report that ψ measurements in interdrainage areas of many basins in the southwest generally indicate an upward driving force for water movement in the top 20 to 40 m. The divergent flux pattern raises several concerns, the most obvious regarding the equilibrium state of the profile. The lack of a moisture source to supply fluxes at the plane of divergence located deep in the profile raises questions regarding the merit of a steady state assumption. An alternative assumption is that the divergent moisture flux pattern reflects a temporary phenomenon resulting from transient flow processes [Scanlon, 2000] . A transient interpretation evokes several questions. What are typical hydraulic response times associated with thick desert vadose zones? And, to what depths do seasonal surface transients actually propagate? The study presented here explicitly addresses the former question. Long-term monitoring studies address the latter question and report minimal temporal variability in ψ measurements below depths of $3 -5 m under desert vegetation [e.g., Enfield et al., 1973; Fischer, 1992; Andraski, 1997; Scanlon et al., 1999] . During a 5-year monitoring period, Andraski [1997] observed that ψ under vegetated sites in the Mojave Desert remained between À600 m to À400 m at 1.55 to 4.5 m depth. Vegetated desert vadose zones below a few meters appeared to be buffered from diurnal and seasonal surface transients at least on the decadal timescale.
[8] Application of the unit gradient conceptual model to the observed profiles implies that the zone of upward liquid flux in Figure 2 is only a temporary phenomenon (i.e., part of the seasonal or longer-term variations in the upper vadose zone). This would require, however, that the active root zone, where changes in soil moisture storage are readily affected, extends to more than 10 m below the surface. Although some desert vegetation species have been documented to extend their roots to depths of 15 to 25 m [Canadell et al., 1996] , it is unlikely that an active rooting zone depth of this magnitude is ubiquitous over the biogeographical range of sites where these types of ψ profiles are measured. Canadell et al. [1996] reports an average maximum root depth in deserts of 5.2 ± 0.8 m. The unit gradient conceptual model also suffers from the lack of a moisture source to supply the downward flux unless episodic infiltration reaches depths of !10 m, a supposition contrary to observations [e.g., Enfield et al., 1973; Fischer, 1992; Andraski, 1997] .
[9] Despite the noted concerns regarding the application of the hydrostatic equilibrium and unit gradient models to deep desert vadose zone ψ profiles, direct interpretations of the data in Figure 2 suggest net upward water movement in the depth interval from 3 to $10 or 20 m. Yet, when applying the conventional chloride mass balance set of equations, a downward-only advective flux of liquid is assumed.
Transient Conceptual Models: Reduced Recharge and Zero Recharge
[10] Chloride, deposited on the ground surface in windblown fallout and precipitation, serves as an environmental tracer commonly used to quantify soil water fluxes and ages based on mass balance [Allison, 1988; Cook et al., 1992; Allison et al., 1994; Phillips, 1994; Prudic, 1994; Wood, 1999] . As water leaves the soil via evapotranspiration, chloride remains, thereby increasing the pore water concentration. Greater chloride values thus correspond to lower soil water fluxes. Assumptions employed with the simple chloride mass balance (CMB) approach include: (1) chloride is derived from atmospheric sources only, (2) chloride moves through the soil profile by one-dimensional downward advection, and (3) the chloride deposition rate is constant. These simplifying assumptions lead to uncertainties in CMB age and flux estimates [Murphy et al., 1996; Ginn and Murphy, 1997; Scanlon, 2000] .
[11] An idealized chloride profile under steady piston flow conditions with extraction of water by roots would be characterized by concentrations increasing with depth through the root zone to a uniform value below the root zone. Measured chloride profiles from arid vadose zones in the southwestern United States deviate from the idealized profile and typically display a shallow bulge containing very high concentrations and much lower, relatively uniform concentrations at depth (Figure 3) . Departure from the idealized profile records a violation of the steady flow assumption [Wood, 1999] . Observed chloride inventories contained within the shallow bulge often correspond to $15 kyr of accumulation based on long-term average estimates of chloride deposition [Phillips, 1994] . Substantial evidence supports a climate shift from cool, wet conditions to warmer, drier conditions at 12-15 ka in the southwestern United States [Benson et al., 1990; Morrison, 1991; Phillips et al., 1992; Allen and Anderson, 1993] . Accordingly, several studies attribute the character of the chloride bulge measured in southwestern United States vadose zones (Figure 3 ) to this well-documented paleoclimatic transition [Scanlon, 1991; Phillips, 1994] . Presumably, the shift to lower precipitation rates and warmer temperatures brought about a reduction in the amount of soil moisture percolating through the root zone. This ''reduced-recharge conceptual model'' posits that the climate shift translated to a lesser downward soil water surface flux resulting in much greater chloride concentrations at shallow depths relative to those found deep in the profile. A more extreme variant of that explanation that could be termed the ''zero-recharge model'' proposes that no soil water has percolated below the root zone since the arid climate shift at 12-15 ka, resulting in the accumulation of significant amounts of chloride within the root zone.
[12] In addition to estimating soil water ages, the CMB equations are also used to quantify current soil water fluxes (below the region of chloride accumulation) [Phillips, 1994; Scanlon, 2000] and paleofluxes [Phillips, 1994; Tyler et al., 1996] . CMB estimates of past and present fluxes apply to the reduced-recharge conceptual model. More dilute chloride concentrations deeper in the profile reflect greater soil water fluxes associated with a wetter past climate, whereas the greater chloride concentrations within the bulge reflect much less percolation past the root zone under the current arid climate. Adoption of the zero-recharge conceptual model limits the CMB application to estimates of paleofluxes and chloride ages below the base of the chloride bulge.
Disparity Between y and Chloride Vadose Zone Profile Interpretations
[13] The reduced-recharge and zero-recharge conceptual models invoked to explain vadose zone chloride profiles do not adequately explain the corresponding ψ profiles that indicate upward fluxes in the upper 10 plus meters. Resolution of this apparent disparity serves as our primary objective in developing an improved conceptual model. The assumption of downward-only advection employed to quantify soil water fluxes using the CMB equations and the unit gradient model approach [Nimmo et al., 1994] necessarily produces positive estimates of recharge. Such estimates may support the idea that diffuse recharge across extensive areas of arid and semiarid regions significantly contributes to the overall basin-scale water balance. Stephens [1994] provides a summary table of diffuse recharge estimates from 17 previous studies that range from 0 to 100 mm yr À1 at semiarid and arid sites. Although the methods employed for quantifying the fluxes included physical and chemical approaches, all analyses assumed downward flow in the deep profile. In contrast, the zero-recharge conceptual model assumes no flow past the root zone or through the deeper profile. A new conceptual and numerical model, developed and tested in the next section, provides a basis for us to challenge the assumptions of downward advection or zero flow to describe the moisture flow regime in deep desert vadose zones.
Deep Arid System Hydrodynamic Model

Conceptual Model
[14] The estimated ages of chloride bulge inventories in the southwestern United States indicate a link with the timing of the Holocene-Pleistocene climate shift at 12-15 ka. However, the paleoclimate explanation alone fails to explain the ψ data from deep profiles that contain the characteristic chloride bulge. Therefore we propose that the transition to a warmer and drier climate and the replacement of mesic vegetation by xeric (desert) vegetation induced the development and maintenance of very negative ψ in the soil at the base of the root zone. Accordingly, the effects of episodic infiltration events are dampened in the near-surface soil and do not influence the deeper vadose flow regime. Desert vegetation has been shown to be capable of extracting soil moisture under soil ψ conditions as dry as À800 m [Odening et al., 1974] and to be resistant to xylem cavitation under soil ψ conditions as dry as À400 m to À1000 m [Pockman et al., 1995] . Multiyear lysimeter studies from three arid sites investigated by Gee et al. [1994] suggested that vegetation is the primary factor controlling the water balance. Gee et al. [1994] found that desert vegetation eliminated deep infiltration over the monitoring period at the southwestern United States sites. The lysimeter results from Gee et al. [1994] are consistent with the absence of seasonal ψ transients propagating below depths of about 3 -5 m under desert vegetation, based on studies in which ψ was continuously measured by in-situ soil psychrometers, [e.g., Fischer, 1992; Andraski, 1997; Scanlon et al., 1999] . Andraski [1997] reported that moisture from precipitation that accumulates in the upper 75 cm is removed by evapotranspiration on a seasonal basis, and that seasonal ψ variation remain confined to depths above 4 m at the vegetated Beatty, NV site. Although these studies obviously cannot demonstrate that ψ at depths of $4 m have remained constant over the past 10-15 kyr, they do support a key assumption that ψ in deep desert root zones do not exhibit significant seasonal changes as might be expected based on precedents from vadose zone studies in humid regions [i.e., Johnston, 1987] . In addition to the fixed subroot zone ψ condition, our conceptual model, which we term the Deep Arid System Hydrodynamic (DASH) model, incorporates a temperature profile described by the mean annual geothermal gradient and includes the effect of both temperature and ψ on vapor density and vapor flux. Liquid and vapor can move both upward and downward, and at different rates and opposing directions from each other. In assuming a fixed subroot zone ψ condition, the DASH conceptual model does not attempt to capture the seasonal moisture flux dynamics in the upper few meters. Those dynamics would include, for example, the net downward vapor flux in the upper $1 meter of soil that should result from seasonal temperature variations [Milly, 1996] .
Mathematical and Numerical Model
[15] We use the finite element heat and mass transfer (FEHM) [Zyvoloski et al., 1997] computer code for simulating unsaturated flow and transport in accordance with the DASH, reduced-recharge, and zero-recharge conceptual models. FEHM simulates nonisothermal, multiphase, multicomponent flow in porous media. FEHM incorporates vapor transport driven by changes in vapor density resulting from a temperature gradient (thermal vapor flux component) and from a ψ gradient (isothermal vapor flux component). The van Genuchten relative permeability function [van Genuchten, 1980] describes the relationships between permeability and saturation and between pressure and saturation. (Further model description is included in the appendix). Assumptions inherent in FEHM include: (1) Darcy's Law appropriately describes the movement of liquid and vapor, (2) local thermal equilibrium between the fluid and the rock is maintained, and (3) solute transport does not affect the transfer of fluid or heat. Additional assumptions imposed in this study, but not inherent to FEHM, include (1) 1-D vertical flow adequately represents the hydrodynamics, (2) air flow is negligible, (3) chloride behaves conservatively (nonsorbing and nonreactive) and is nonvolatile, and (4) fractures, macropores, or other preferential flow paths do not affect the system. Chloride is assumed not to exit the soil through plant water uptake since most plants exclude chloride when absorbing water through the roots [Gardner, 1967] .
Input Parameters, Boundary Conditions, and Initial Conditions
[16] A 200-m vertical column represents the physical system, a generalized alluvium vadose zone, used for testing conceptual models of 1-D nonisothermal, multiphase flow and transport in arid regions. The input parameter values designated as the ''base case'' are given in Table 1 . The top of the vertical column represents the ground surface, and the bottom of the column represents the water table. Temperature gradients result from specifying temperatures at the top and bottom boundaries of 18°C and 25°C, based on a mean annual surface temperature in the desert southwestern United States (top boundary) and an average geothermal gradient of 35°C km À1 [Blankennagel and Weir, 1973] (Ross [1984] uses 30°C km À1 ). Base case soil properties describe a homogenous sandy soil texture (Table 1) . A residual saturation of 10% is consistent with data from alluvial material at the Nevada Test Site . At low saturations near the base case residual saturation (i.e., 4.5% moisture content), the effective chloride diffusivity is $10 11 m 2 s À1 [Conca and Wright, 1992; Schaefer et al., 1995] .
[17] Initially, the system is set at a uniform downward liquid flux of 10 mm yr À1 , past the root zone, representative of a relatively wet climate [Tyler et al., 1996] . The initial solute profile consists of a uniform chloride pore water concentration of 10 mg L
À1
. A prescribed solute flux of 100 mg m À2 yr À1 at the surface boundary simulates continuous chloride deposition (Table 2 ). This prescribed flux represents both dry and wet chloride deposition and is a typical present-day value in the U.S. southwest [Dettinger, 1989] . We assume that although the relative contributions of dry and wet chloride deposition vary over time in response to climate changes, the total chloride flux, mainly controlled by distance to its oceanic source [Junge and Werby, 1957] , remains constant. Implementing the DASH conceptual model, a switch to a dry climate is simulated by specifying an average precipitation rate of 200 mm yr À1 at the surface (not past the root zone) and imposing a fixed ψ at 4 m depth, in accordance with observations from root zones underlying desert vegetation [Andraski, 1997; Scanlon et al., 1999] . The fixed subroot zone ψ condition distinguishes the DASH model from the reduced-recharge and zero-recharge models in these simulations.
Testing the Dash Model Against Previous Conceptual Models
[18] The DASH model is tested against the reducedrecharge and zero-recharge models by comparing results from simulations run for the fixed subroot zone ψ condition to results from a reduced-flux boundary condition of 0.1 mm yr À1 and a $zero-flux boundary condition ( Table 2 ). The simulations proceed for 15 kyr subsequent to the transition from the initial downward flux steady state to the imposed arid conditions identified with each conceptual model. The 15 kyr run-time criterion is based on typical measured chloride inventories in southwestern United States chloride bulges [Phillips, 1994] . Modeled ψ and chloride profiles for the DASH and reduced-recharge and zero-recharge conceptual models (Figures 4 and 5 ) are compared to typical observed profiles (Figures 2 and 3) . The reduced-recharge model produces a much less negative ψ profile ( Figure 4a ) and a broader chloride profile (Figure 4b ) than the observed profiles (Figures 2 and 3) . The zero-recharge model produces peaked chloride profiles, resembling observed profiles, but generates much less negative matric potentials than commonly observed. In contrast, both the ψ and chloride profiles generated for the DASH model closely resemble the observed profiles, thereby favoring the DASH conceptual (Table 3) . In contrast to the very small fluxes predicted using the DASH model concept, the CMB approach based on the reduced-recharge conceptual model, yields larger downward fluxes below the root zone and across the water table interface (Table 3) . Furthermore, the DASH model flux distribution that reflects the current condition ( Figure 6 ) illustrates that the net moisture flux below the root zone is not equivalent in magnitude or direction to the flux across the water table interface. The moisture flux distribution clearly violates the key steady state assumption for the conventional hydrostatic equilibrium and the unit gradient models. The moisture flux distribution also contests the stagnant condition assumption for the zero-recharge model. The transient state of vadose zone profiles given 15 kyr to approach equilibrium with the fixed root zone ψ condition suggests an extremely slow response of the system.
Hydrodynamic Equilibrium State
[20] Simulations carried to steady state using the DASH model and the base case set of parameters yield important insight into the equilibrium state of deep vadose zones and response to an arid climate shift. The lack of similarity between the DASH model-generated, steady state ψ profile and the ψ profile required for the steady state conventional hydrostatic equilibrium model reveals a major misconception in conventional unsaturated flow theory as applied to desert vadose zones (Figure 7a ). The DASH model produces a curved ψ profile at steady state (convex upward) similar to measured ψ profiles (Figure 2) . The curvature indicates a divergent liquid flow pattern in which liquid fluxes are upward in the upper vadose zone and downward below. The moisture flux profiles show how a divergent liquid flow pattern can describe a steady state, net upward flux regime (Figure 7b ). The upward thermal vapor flux, sourced by evaporation from the water table, decreases with height above the water table due to the decreasing temperature and vapor density gradients. To maintain equilibrium, vapor condenses and supplies a downward liquid flux in the deep vadose zone. Above some depth ($90 m for the base case), capillary forces, resulting from the specified subroot zone ψ, exceed gravitational forces imparted to the liquid, and the liquid flux direction shifts to upward. The upward liquid flux in the shallow vadose zone is extremely small due to the dry conditions and very low unsaturated permeability. The equilibrium state is characterized by dynamic interaction between vapor and liquid fluxes summing to a net upward uniform moisture flux of $0.012 mm yr À1 for the base case.
[21] The transient history of the base case simulation carried to steady state suggests a very slow response of deep vadose zones to an arid climate/xeric vegetation shift. Modeled steady state matric potential profiles that appear similar in character, in both shape and magnitude, to measured profiles could suggest that observed desert vadose zones are in equilibrium with current surface arid conditions. However, examination of the response times associated with the modeled steady state profiles suggests the contrary. We use the time required to complete an e-fold (1-e À1 or 63% response from initial to final state) change in the matric potential profile to define the equilibrium response. The calculated response time of 80 kyr exceeds typical timescales of long-term climate change, which are on the order of 10 to 15 kyr. Consequently, we would expect deep desert vadose zones with similar parameters as the base case to still be in a very slow transition toward steady state, but nevertheless to be far from the ''true'' steady state.
[22] The moisture flux results (Figure 7b) show that vapor transport controls the hydrodynamics at steady state. Comparison of steady state ψ profiles for a fixed subroot zone ψ of À200 m generated with and without isothermal vapor flux, thermal vapor flux and total vapor flux emphasizes this point (Figure 8 ). The hydrostatic equilibrium linear profile describes the steady state if the thermal vapor flux is neglected, regardless of whether or not the isothermal flux is considered. In contrast, curved ψ profiles describe the nonisothermal steady state, because the nonuniform thermal vapor flux requires a compensating moisture flux. The ψ profile displays more acute curvature (defined here as degree of deviation from the linear profile) in the absence of an isothermal vapor flux (Figure 8) , and thus describes a wetter steady state. Without the isothermal vapor flux, all of the moisture liberated by the decreasing (with temperature and height above the water table) thermal vapor flux condenses and supplies a nonuniform downward liquid flux. However, when isothermal vapor effects are incorporated, some of the moisture liberated by the decreasing vapor flux is drawn upward and out of the system through the subroot zone sink, resulting in a drier steady state.
Sensitivity Analysis
[23] We perform a sensitivity analysis by systematically varying parameters and comparing results to the base case solution. The sensitivity analysis serves three purposes. First, varying parameters within a typical range of measured values helps evaluate whether the DASH model broadly applies to desert vadose zones or is narrowly limited to special cases. Second, results from a sensitivity analysis indicate which parameters exert primary influence on flow and transport in deep desert vadose zones. Such an evaluation may channel future research efforts to better characterize the more sensitive parameters. And third, the range of responses obtained through the sensitivity analysis provides a basis for assessing the uncertainty associated with applying the DASH conceptual model to field sites at which several key parameters may be poorly constrained. Variables considered in the sensitivity analyses include geothermal gradient, soil type (Table 4) , water table depth, specified subroot zone ψ and vapor diffusion rate. Simulations carried to steady state generate a range of response times associated with each variable.
Geothermal Gradient
[24] Since the base case moisture flux solution using the DASH model demonstrates the importance of thermal vapor transport at steady state, we expect the magnitude of the geothermal gradient to exert a major control on the equilibrium state of deep desert vadose zones. Simulation results from zero (0°C km À1 ) and low (15°C km À1 ) through high (65°C km À1 ) geothermal gradients [e.g., Blankennagel and Weir, 1973] corroborate this expectation (Figure 9 ). Increasing geothermal gradients induce greater thermal vapor fluxes, thereby reducing the depth of liquid flux divergence and enhancing the curvature of the ψ profile. The larger net upward moisture fluxes associated with higher geothermal gradients result in faster response times (Table 5 ). The zero geothermal gradient case produces a nearly linear ψ profile (Figure 9 ).
Hydraulic Properties
[25] To assess the steady state flow regimes and response times for various soil types, we compare simulation results for sand (base case), silt, and silty clay. Saturated hydraulic permeability and van Genuchten fitting parameters are varied (Table 4) , whereas thermal conductivity, and rock specific heat remain constant. The latter two parameters do not vary significantly over the range measured in typical alluvial sediments. [26] Simulation results in the form of steady state ψ profiles show little variation among the three soil types (Figure 10 ). However, the response times vary dramatically (Table 5 ). The simulated sand responds faster than the silt and silty clay systems for several reasons. Mainly, the higher saturated permeability of the sand, relative to the silt and silty clay, contributes to a shorter time required for the thick vadose zone to drain and equilibrate to the specified dry condition below the root zone. Simulation results generated by varying the saturated permeability over several orders of magnitude for the sand confirm the importance of liquid permeability on deep vadose zone drying response times (Table 5 ). The drier antecedent (t 0) moisture conditions for the sand relative to the finer-grained soil types also favors a faster response in the sand, since less moisture needs to be removed to reach the new steady state. However, this factor appears to be secondary to permeability in controlling the response time. Simulations in which we vary the porosity from 0.2 to 0.6 (but without changing saturation or tortuosity) showed that response times decrease only slightly with decreasing porosity (Table 5 ). To attain a dry steady state, a soil with low porosity requires less moisture removal than does a soil with high porosity. The reduction in moisture removal overrides the decrease in vapor flux connected with the reduced gas-phase volume of the lower porosity materials.
Water Table Depth
[27] Since the water table serves as the lower boundary in the DASH model, the depth to water table strongly affects the type of moisture flux regime that develops in desert vadose zones. Figure 11 displays results from a series of DASH model simulations for water table depths ranging from 25 m to 400 m. The model-generated ψ profiles for vadose zone thicknesses of 25, 50, and 100 m show decreased curvature with increased vadose zone thickness, reflecting the decreased overall ψ gradient (Figure 11a ). Vadose zones with thicknesses exceeding 100 m exhibit little sensitivity to increases in water table depth, as shown by their overlapping ψ profiles (Figure 11b ), similar net upward steady state fluxes (Figure 12) , and identical response times (Table 5 ). The steady state divergent liquid flux pattern described in section 2.6 does not develop for simulations in which the water table is >100 m deep (Figure 12 vadose zones. In contrast, the upward liquid flux exceeds the upward vapor flux below 10 m for the simulation in which the water table is at a depth of 25 m (Figure 12 ). Capillarity draws enough water upward from the water table in thinner vadose zones to significantly increase the unsaturated permeability, and consequently increase the net upward moisture flux. Model-calculated equilibrium response times reflect the influence of the water table on the flow regime for thinner vadose zones (Table 5 ). Response times are very short for thin vadose zones but increase rapidly with increasing thickness and reach an asymptotic value of about $80 kyr for vadose zones thicker than about 150 m.
Fixed Subroot Zone Matric Potential
[28] Vegetation type and soil moisture availability strongly control the matric potential that fine plant roots must sustain within the root zone to survive. A series of simulations in which the fixed subroot zone ψ is varied illustrates the sensitivity of the steady state flow regime and response times to the fixed ψ value. Response times decrease with increasing (less negative) subroot zone ψ (Table 5) . Although the driving force in the upper part of the profile decreases with increasing subroot zone ψ values, the steady state ψ profiles are closer to the initial ψ profile (Figure 13 ). Less moisture needs to be removed from the profiles maintained by less negative subroot zone ψ to attain steady state, thereby requiring less time for equilibration. However, a point is reached (at about À500 m for this set of simulations) at which increasingly negative subroot zone ψ values have very little effect on the equilibrium response time (Table 5) . At the dry end of the range, large changes in ψ correspond to very small differences in moisture content. Therefore the amount of moisture required for removal for equilibration to a subroot zone ψ of À500 m is very close to the amount for subroot zone ψ ( À500 m.
Enhanced Vapor Diffusion
[29] Water vapor fluxes result from spatial variations in vapor density, which is a function of both temperature and matric potential. Vapor diffusion, described by Fick's Law, becomes increasingly important to the overall transport of moisture as the porous medium dries. Laboratory experiments conducted on unsaturated material [Philip and de Vries, 1957] and at the pore scale [Silverman, 1999] report vapor diffusion rates that exceed the rate predicted by Fick's Law. Philip and de Vries [1957] hypothesized that this vapor diffusion enhancement is primarily due to the presence of liquid islands in partially saturated porous media, where vapor is transferred essentially instantaneously from one side of the liquid island to the next. We explore the influence of enhanced vapor diffusion on response times by varying a vapor diffusion enhancement factor, b, from 0.5 to 10, although b > 4 is probably unlikely under field conditions [Silverman, 1999] . Increases in b yield reduced response times (Table 5) , emphasizing Figure 9 . Steady state ψ profiles for variable geothermal gradient using the DASH model. the strong control of vapor transport on moisture redistribution in deep vadose zones undergoing drying, particularly in the later stages.
Summary of Sensitivity Analysis
[30] Results from the sensitivity analysis suggest that the DASH conceptual model applies to a broad range of thick, unconsolidated vadose zones under desert vegetation in interdrainge regions. Similar liquid and vapor flux patterns develop in desert vegetated vadose zones with deep water tables for a large range of variables. With the exception of relatively thin (<50 m) vadose zones, the hydraulic drying response time exceeds the timescale of major climate change. Although the hydraulic role of desert vegetation is arguably the key component in the DASH conceptual model, the sensitivity analysis results indicate that the magnitude of the subroot zone matric potential (À50 m to À800 m tested) contributes only a minor influence on the moisture flux regime and response to drying. Soil hydraulic parameters, particularly the saturated permeability, exert the strongest influence on early time drying when a large percentage of the drying is accommodated by gravity drainage. Parameters related to vapor movement, such as geothermal gradient and vapor enhancement, exert a major control on late time drying when most of the moisture redistribution is in the vapor phase.
Transition Reversal and Response to Episodic Infiltration
[31] The sensitivity results described above demonstrate that under a range of typical conditions and soil parameters, thick alluvial desert vadose zones respond slowly to a change in surface boundary conditions representative of a transition from a mesic to an arid climate and establishment of xeric vegetation. We expect the response in the reverse direction to be considerably faster. In order to evaluate the response in desert vadose zones to a prolonged period of infiltration, we simulate several transition reversals (dry-towet shifts). The response to a short-lived episodic infiltration event is also addressed by simulating a dry-to-wet-to-dry sequence. Specifically, we are interested in the behavior of the pulse of infiltrating water as it propagates with depth, and the time required for ψ profiles to equilibrate to the change in the upper boundary conditions. The infiltration event simulation addresses the wetting and drying behavior in the upper vadose zone and the time required to reestablish the preinfiltration ψ profile.
[32] The initial condition for the dry-to-wet transitions illustrated in Figures 14a and 14b consists of the dry steady state base case solution (from Figure 7) . This initial condition serves to bound the high end of calculated response times. Another initial condition (not illustrated in Figure 14) we use is that established after 15 kyr of drying (see Figures  4c and 6) . The boundary condition for the wetting period in the simulations consists of a specified downward liquid flux ranging from 1 to 10 mm yr À1 . Table 6 records the initial and boundary condition combinations and the corresponding simulation response times. As for the previous transient simulations, we define the response time by an e-fold change in the ψ profile from initial to final states. In all dry-to-wet simulations, the system responds rapidly (Table  6 ) compared to the wet-to-dry transitions for the base case (80 kyr, Table 5 ). The shift to wetter conditions yields response times ranging from 50 yrs, for the 10 mm yr À1 infiltration rate applied to the initial condition representing 15 kyrs of drying, to 375 years, for the 1 mm yr À1 infiltration rate applied to the dry steady state initial condition. The ψ profiles developed after various ''wetting'' times suggest that even relatively short periods of infiltra- Figure 10 . Steady state ψ profiles for variable soil type using the DASH model. Soil texture properties are provided in Table 3 . Other base case parameters are given in Table 1 . Figure 11 . Steady state ψ profiles for variable water table depths of (a) 25-100 m and (b) 150-400 m. tion past the root zone induce a significant response in ψ profiles (Figures 14a and 14b ). Infiltration could be hypothesized to result from rare, episodic, climate or weather events, but the very long timescales necessary to reestablish the highly negative ψ profiles argues against such events during the Holocene in places where these negative profiles are observed. This point is emphasized by a simulation in which water infiltrates past the root zone at rate of 5 mm yr À1 over a period of 10 years, using the base case parameters. The initial condition for the simulation consists of that developed after 15 kyr of drying (Figure 15a ). The simulation proceeds for ten years with a constant infiltration rate of 5 mm yr À1 at the surface. After ten years, the wetting front has propagated to a depth of about 10 meters (Figure 15a ). At this point, the dry hydraulic conditions at 4 m are resumed (fixed ψ = À400 m) and the profile reequilibrates (Figure 15b) . Reestablishment of the preinfiltration profile requires 5000 years of persistent drying.
Implications
[33] The DASH model challenges some of the conventional conceptual models of vadose zone flow and transport as applied to arid to semiarid regions. Questioned assumptions include (1) the current flow regime in deep vadose zones can be described by a small downward advective flux (reduced-recharge model) or a hydrostatic condition (zerorecharge model) and (2) vapor fluxes are negligible compared to liquid fluxes in deep vadose zones. The DASH conceptual model proposes that the major most recent climate change at 12-15 ka had a larger impact on the vadose zone hydrology of the arid and semiarid southwestern U.S than has previously been considered. At least in interdrainage desert-floor environments, the change to drier climate and associated shift to more xeric vegetation actually reversed moisture fluxes just below the root zone, from downward to upward. This has major implications for contaminant migration and environmental tracer studies in arid vadose zones.
[34] Quantifying diffuse recharge by estimating liquid fluxes below the root zone and assuming that they are equivalent to groundwater recharge, i.e., fluxes across the water table interface, may not be applicable in semiarid and arid regions. The work described in this paper suggests that not only are moisture fluxes just below the root zone unequal to recharge, they may be opposing even in direction. Furthermore, downward moisture fluxes across the water table (as drainage of Pleistocene-age water) estimated using the DASH model are several orders of magnitude smaller than estimates obtained by using the CMB approach. This implies a negligible contribution to groundwater recharge through desert floors in interdrainage areas and supports the idea that, in the absence of preferential flowpaths, a thick desert vadose zone serves as an effective barrier to groundwater. However, since desert vegetation is critical in maintaining upward fluxes below the root zone, the presence or absence of native vegetation, and the ability to maintain a vegetated condition, must be considered in waste repository site assessment and emplacement procedure strategies.
Conclusions
[35] Integrating field observations with model simulations emphasizes the importance of considering both liquid and vapor flow processes when determining the magnitude and direction of moisture fluxes below the root zone. The ability to reliably make such determinations is critical to quantifying recharge beneath native desert vegetation and to assessing contaminant-transport risks. Modeled fluxes can be extremely useful in interpreting field-measured matric potential and chloride profiles that, we propose, have evolved since the Pleistocene/Holocene climate transition.
[36] The Deep Arid System Hydrodynamic (DASH) model reconciles the paradox between upward hydraulic potential gradients measured in arid and semiarid vadose zones and the downward liquid flow assumption applied when the chloride mass balance approach is used to interpret corresponding chloride profiles. The DASH model prescribes a constant low ψ just below the root zone. The presence of this persisting sink in the system, which is supported by field data, implies that desert vegetation effectively intercepts all downward infiltrating precipitation and draws much of the preexisting moisture from the upper vadose zone. With time, the upward thermal vapor flux, driven by the geothermal gradient, dominates the hydrodynamics of the deep vadose zone. The gravitationally driven return of the liquid water that results from the cooling and condensation of upward moving vapor produces the characteristic nearly uniform matric-potential profile of the deeper vadose zone. In actuality, this steady state condition may be rarely achieved in deep vadose zone regimes since response times generally exceed the typical timescale of major climate change. More likely, desert vadose zones are locked in long-term drying transients that are so gradual that they appear to be at steady state. The DASH model results suggest that current net moisture fluxes below desert root zones are generally upward, groundwater recharge is extremely small, and the net moisture flux below the root zone is not equivalent in magnitude or direction to the flux across the water table.
Appendix A: FEHM Model Description
[37] The models and solution algorithms for FEHM are described in detail by Tseng and Zyvoloski [2000] and Zyvoloski et al. [1997] . In this study, one dimensional columns are simulated with finite element grids of variable vertical spacing. Each system considered is modeled with a 500 (2 Â 250) node, 249 rectangular element grid. Increased resolution is supplied near boundaries and coarser resolution is provided elsewhere. The boundaries on these grids are applied as follows. The pressures on bottom boundary nodes are fixed at atmospheric pressure to represent water table conditions. A constant mass flux of water at the upper boundary nodes serves as a continuous fluid source and represents either precipitation or effective precipitation, case specific. Here, effective precipitation refers to the residual soil water flux, (i.e., precipitation minus evapotranspiration). A specified solute concentration at the source node(s) (upper boundary) produces a constant solute flux. Fixed temperatures at the top and bottom boundaries establish a heat flux that is uniform through the vertical column for the examples provided in this study, since the low fluid flow rates do not significantly perturb the resulting linear temperature profile. A low matric potential is applied to the nodes 3 -4 m below the surface and serves as a sink for water to represent the subroot zone hydraulic conditions. The sink nodes take up all water percolating down from the surface, Figure 14 . Transient ψ profiles using the DASH model and recording the switch from the base case dry steady state to a specified downward flux of (a) 1 mm yr À1 and (b) 10 mm yr À1 . and draw water from below as well, but do not serve as a solute sink. The solute species is prevented from exiting the system through the subroot zone sink nodes in FEHM. This specification is critical for simulating chloride behavior.
[38] The conservation of water mass, fluid-medium energy, and noncondensible gas mass equations are solved in a quasi-coupled formulation with the solute mass transport equations. Namely, the transport equations use the flow rates and temperatures obtained in the heat-and mass transfer solution at each time step. Therefore fully coupled flow and transport (without feedback from the transport solution) is approximated by using small time steps in the simulations. Some of the unique modeling components implemented in this study include enhanced water vapor diffusion, vapor pressure lowering, and moisture-dependent solute diffusion. In FEHM, the molecular diffusivity of water vapor in air, D va , is given by: where t is tortuosity factor, q v is volumetric vapor content, and D va 0 is the value of D va at standard conditions, r v is vapor density, T is temperature, and P is pressure. The value of D va 0 is set to 2.4 Â 10 À5 m 2 s
À1
, w is set to 2.334, and the tortuosity factor is an input parameter. Increasing the tortuosity factor above the standard value of 0.66 is used to simulate vapor diffusion enhancement as described by Phillips and deVries [1957] . A vapor pressure lowering routine in FEHM allows for isothermal vapor transfer, i.e., vapor density dependence on pressure. The modified vapor pressure is given by:
where P v * is the new vapor pressure of water, P cap is the capillary pressure, M w molecular mass of water, r l is the density of water, and R is the gas constant. In the solute transport equations, FEHM uses a standard mathematical formulation for the solute dispersion coefficient,
where D AB is molecular solute diffusion coefficient, a d is dispersivity, n is the Darcy velocity computed from the solution of the fluid flow equation. In this study, a moisture-dependent D AB , based on the function developed in Conca and Wright [1992] , is employed.
[39] All simulations conducted in this study use FEHM's standard pure implicit formulation (backward-in-time Euler) for discretization of the time derivatives. Upstream weighting is used in the spatial discretization using FEHM's finitevolume formulation. Full detail on the linear equation solver (e.g., the generalized minimum residual method) is provided by Tseng and Zyvoloski [2000] and Zyvoloski et al. [1997] . 
